Multiple myeloma (MM) remains an incurable malignancy despite the development of novel therapeutics. This is believed to be due to a subset of rare chemotherapy-resistant cancer stem cells (CSCs). Differentiation therapy represents one strategy aimed at reducing the stemness of CSCs. The anticancer effect of withaferin A (WFA) was studied in MM-CSCs and RPMI 8226 MM tumoral plasma cells (RPMIs). WFA exhibited growth inhibitory effects in both MM-CSCs and RPMIs, with IC 50 values of 649 and 224 nM, respectively. WFA also induced a G 2 cell cycle arrest, as well as cell death and apoptosis. Although, WFA did not exhibit a direct anti-migratory effect, a remarkable morphological change was observed in MM-CSCs in response to WFA treatment. Using qPCR gene expression analyses, WFA caused a reduction in stemness markers, and a promotion of differentiation markers in MM-CSCs. These results warrant further investigation of WFA in relevant MM animal models.
Introduction
Despite recent advances in the treatment of multiple myeloma (MM), MM patients are still confronted with an inevitable deadly relapse. This is due to the development of drug resistance that renders virtually all available MM treatments ineffective. 1 One hypothesis that explains the almost 100% relapse frequency among MM patients is the existence of MM cancer stem cells (CSCs). [2] [3] [4] MM-CSCs are equipped with metabolic tools making them highly resistant to conventional cytotoxic therapies, and therefore MM-CSCs are believed to be the cause behind the high mortality rate observed among MM patients. [2] [3] [4] Novel molecules targeting MM-CSCs may prove an effective prevention strategy to reduce the frequency of relapses in MM. Besides being resistant, CSCs are characterized with high tumorigenicity and the ability to differentiate into heterogeneous tumoral cell populations. 5 Importantly, tumoral cells derived from the differentiation of CSCs are not believed to be tumorigenic. Accordingly, the promotion of CSCs differentiation may be an effective strategy to reduce their malignancy. 5 Natural products remain a major reservoir of compounds capable of controlling cellular characteristics such as resistance, proliferation and differentiation. 6 Importantly, a multi-Phalloidin and DAPI nuclear stains were purchased from Life Technologies (Zug, Switzerland).
Cell culture
Human bone marrow-derived MM-CSCs were obtained from Celprogen (Torrance, CA, USA). MM-CSCs are positive for the putative CSCs markers CD44 + , CD166 + and negative for CD138 − . 10, 11 According to Celprogen, MM-CSCs are tumorigenic at <1000 cells. 10, 11 MM-CSCs were grown in MM-CSCs complete growth medium (Celprogen). Experiments using MM-CSCs were performed at cell passages between 4 to 12. RPMI 8226 cells (RPMIs) were purchased from LGC standards (Middlesex, UK). RPMIs are predominantly CD138 + non-tumorigenic tumoral plasma cells derived from the peripheral blood of a MM patient. RPMIs contain a subpopulation of CD138 − cells (2 to 5%) which have been previously demonstrated to be tumorigenic. 12 RPMIs were grown in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS) (Nuaillé, France), 100 IU mL −1 penicillin and 250 μg mL −1 streptomycin (Life Technologies, Zug, Switzerland). Normal hematopoietic CD34 + stem cells (NSCs) were obtained from Life Technologies. NSCs were maintained in StemPRO-34 medium (Life Technologies), supplemented with Cytokine Mix E (PromoCell). MM-CSCs, RPMIs and NSCs were passaged every 2-3 days, and were maintained in a humidified atmosphere supplemented with 5% CO 2 at 37°C (standard conditions).
General experimental procedures
For cell cycle analysis, live/dead cell assay, and Annexin V/ Propidium iodide (AV/PI) assays, MM-CSCs were seeded in 6-well plates at a density of 100 000 cells per well and allowed to adhere for 24 h before WFA treatment at which 300 000 cells were present in the well. 10 RPMIs and NSCs were seeded at 300 000 cells per well in 6-well plates and were treated immediately with increasing concentrations of WFA for 24 h. All flow cytometric analyses were performed using the Attune NxT Acoustic Focusing Flow Cytometer (Applied Biosystems, Life Technologies, Zug, Switzerland).
MTT/XTT assay
MTT and XTT assays were conducted as previously described. 10, [13] [14] [15] MTT and XTT assays were performed on MM-CSCs and RPMIs, respectively. Briefly, MM-CSCs were plated in 96-well plates at a density of 5000 cells per well and allowed to adhere for 24 h, whereas RPMIs were plated at a density of 15 000 cells per well and treated immediately. MMCSCs and RPMIs were treated with increasing concentrations of WFA (0-10 μM). After 72 h incubation, 20 μL of MTT solution (5 mg mL −1 ) or 50 μL XTT solution (1 mg mL −1 ) were added to the cells and incubated for 2 h (MTT assay) or 4 h (XTT assay). The percentage of cell growth was calculated as the absorbance of each test well divided by that of the vehicle control wells and then multiplied by 100. The concentration that caused 50% reduction in cell growth (IC 50 ) was determined from at least five different concentrations using GraphPad Prism 5.0 software.
Cell cycle analysis
Cell cycle analysis in response to WFA was conducted as previously described. 10 Viability/mortality and apoptosis staining Viability and apoptosis assays were conducted as previously described. 10, 17, 18 Briefly, MM-CSCs, RPMIs and NSCs were analysed by flow cytometry for viability using the calcein/EH staining, and for apoptosis using the AV/PI staining (Life Technologies). Floating and adherent cells were collected following treatment with WFA, washed with PBS, adjusted to 10 6 cells mL −1 , and then incubated with the corresponding stain at room temperature for 15 min. After the incubation period, cells were analysed using the Attune flow cytometer.
Cell migration assay (scratch assay)
Scratch assays were conducted as previously described. 10, 19 MM-CSCs were plated in 24-well plates at a density of 100 000 cells per well. MM-CSCs were incubated for 24 h during which the wells were completely covered with a monolayer of MM-CSCs. A scratch was inflicted in each well using a 10 μL pipette tip and photos were taken shortly afterwards using the Cytation 3 Cell Imaging Reader (Biotek, Winooski, VT, USA). MM-CSCs were then treated with increasing concentrations of WFA for 24 h. Photos of the same spot in each well were then taken to show migration inhibitory capabilities of WFA. A quantification of the inhibitory effect of WFA on cell migration was calculated by dividing the width of the same scratch at 24 h by that at 0 h and multiplied by 100 to denote the percent of unfilled space; the percent recovery was calculated as the percent unfilled space subtracted from 100.
Phalloidin cytoskeletal staining
Phalloidin staining was conducted as previously described. 20 Briefly, MM-CSCs were seeded in 96-well plates at a density of 5000 cells per well. MM-CSCs were allowed to adhere for a period of 24 h. Increasing concentrations of WFA treatment were applied for 24 h. Phalloidin staining was conducted as per the manufacturer's instructions. Briefly, cells were fixed with 4% paraformalaldehyde for 10 min and perforated with 0.1% triton X-100 for 5 min. They were then incubated with 50 μL of 5 U mL −1 phalloidin for 20 min at room temperature, washed with PBS and incubated with 50 μL of 1 μg mL −1 DAPI for 5 min at room temperature. Photos of MMCSCs stained with phalloidin/DAPI were taken using the Cytation 3 Cell Imaging Reader. Effects of WFA on MM-CSCs area and circularity were quantified using the Gen5 software provided with the Cytation 3 Cell Imaging Reader.
Quantitative real-time PCR analysis of mRNA expression qPCR analyses were performed as previously described. 10, 15 Briefly, MM-CSCs were lysed according to the manufacturer's instructions following WFA treatment, and total RNA was collected from cell lysates using the Aurum total RNA Mini Kit (Bio-Rad, Cressier, Switzerland). Reverse transcription was carried out by using 0.5 μg RNA, the "high capacity total RNA to cDNA" Reverse Transcriptase (Life Technologies) and a PCR standard thermal cycler (Applied Biosystems). One μL cDNA was amplified by quantitative PCR using a SYBR Green PCR Kit (Applied Biosystems) and a Step One Plus real-time PCR thermal cycler (Applied Biosystems). Custom primers for GAPDH, 18S, CD44, CD151, CD166, HES1, Kit, MSI2, Notch1, SOX2 and RUNX1 were designed on http://bioinfo.ut.ee/ primer3-0.4.0/ and obtained from Life Technologies. 21, 22 Relative gene expression was calculated by normalizing to the average of two housekeeping genes 18S and GAPDH using the ΔΔCT method. 23 
Statistical analysis
Each experiment was repeated at least three times, and all data were expressed as mean ± SEM. A one-way analysis of variance (ANOVA) was employed for multiple comparisons in experiments with one independent variable; whereas a twoway ANOVA was employed for multiple comparison procedures in experiments with two independent variables. A Bonferroni test was employed for post-hoc analysis of the significant ANOVA. A significant difference in mean values between groups was considered when p ≤ 0.05.
Results and discussion

WFA inhibits the growth of MM cells and induces MM cell cycle arrest
Previous results have shown that WFA strongly inhibited the growth of several cancer cell lines, including leukemia, lymphoma and MM. 24 In MM, WFA demonstrated promising antiproliferative activity, and induced a dose-dependent cell death in human myeloma cells U226. 25, 26 However, the effects of WFA on CSCs were not studied. Given the current dogma that CSCs, and not the tumoral cells, are tumorigenic, therefore, it is valuable to address the effects of WFA on CSCs.
The growth inhibitory potential of WFA (Fig. 1A ) in MMCSCs was determined. Preliminary MTT assays suggested that a 72 h treatment with WFA inhibited MM-CSCs growth with an IC 50 value of 649.7 ± 73.3 nM (Table 1) . Because CSCs are believed to be equipped with metabolic tools that render them resistant to conventional therapies, 27 the antiproliferative activity of WFA in MM-CSCs was compared to that in RPMIs. WFA inhibited the growth of RPMIs with an IC 50 value of 224.0 ± 29.1 nM when using the XTT assay ( Table 1 ). BTZ and DEX were used as positive controls. These results indicated that WFA could inhibit both tumoral cells, which are non-tumorigenic and sensitive to conventional therapies, and CSCs, which are tumorigenic and drugresistant.
The effect of WFA on cell cycle distribution in MM-CSCs (Fig. 1B) and RPMIs (Fig. 1C) These results are in alignment with those found in other hematological cancer lines. Previous studies showed that increasing doses of WFA caused a significant decrease in G 1 and S phases, and a significant increase in the G 2 /M phase in lymphoma cancer lines. 24 Also, WFA inhibited the growth of leukemic cell lines by stopping cell cycle progression in the G 2 /M phase in leukemic cancer cells. 28 The fact that both MM-CSCs and RPMIs displayed a G 2 /M cell cycle arrest in response to WFA treatment suggested that these results are not only consistent with other hematological cancer lines but also between tumorigenic and non-tumorigenic cells.
WFA induces MM cells death and apoptosis
Previous results revealed that WFA induced a dose-dependent cell death in several cancer lines, including the neuroblastoma Be(2)-c, SMS-KCNR, SH-SY5Y, LAN-5 and IMR-32, and the MM cell line U266. 25 Interestingly, WFA demonstrated cytotoxic activity against the chemotherapy-resistant MM cell line MM1.RL. 25 As cytotoxic effects could not be concluded from MTT/XTT proliferation assays, the effect of WFA on MM cell viability and mortality were pursued. Flow cytometric analyses of calcein/EH staining were performed in MM-CSCs and RPMIs in response to WFA treatment. A 24 h treatment resulted in a dose-dependent reduction of viable MM-CSCs ( Fig. 2A) and RPMIs (Fig. 2B) Because WFA induced cell death in MM cells, the effects of WFA on apoptosis was measured in both MM-CSCs and RPMIs. Flow cytometric detection of AV/PI staining was used, and a significant induction of apoptosis was observed in both cell lines (Fig. 2C and D 
WFA is less toxic towards normal hematopoietic stem cells than towards cancer stem cells
Due to the extensive metabolic and epigenetic profiles that CSCs and normal hematopoietic stem cells (NSCs) share, it is therefore doomed challenging to target CSCs but leave NSCs intact. 11, [29] [30] [31] The importance of CSCs-selective targeting comes from the fact that NSCs are extremely important to replenish the various dying/damaged tissues in the body. The attrition of NSCs may have severe adverse effects; thus, the discovery of compounds that selectively target CSCs, while NSCs remain reasonably healthy, is highly desirable. For these reasons, the cytotoxic effects of WFA were also examined on NSCs to determine if WFA exhibited any selectivity towards MM-CSCs (Fig. 3A) . Results showed that a 24 h WFA treatment did not cause a significant decrease in NSCs viability at doses lower than 5 μM. In addition, the percentage of dying and dead NSCs was only significant at 10 μM WFA compared to no treatment (Fig. 3A) . A direct comparison of viable NSCs to viable MM-CSCs was made (Fig. 3B) . The results showed that at 5 μM WFA, the proportion of NSCs was higher than that of MM-CSCs, although not statistically significant. However, the proportion of viable MM-CSCs was significantly lower than that of NSCs when cells were treated with 10 μM WFA for 24 h. These results indicated that WFA may exhibit a degree of selectivity towards MM-CSCs. Although WFA did not demonstrate much selectivity towards NSCs, the difference seen at 10 μM remains a valuable starting point. The discovery of the responsible targets that mediate the death of CSCs in response to WFA represents valuable information as some medicinal chemistry work could be pursued to improve the selectivity of WFA towards CSCs over NSCs.
WFA does not appear to inhibit MM-CSCs migration
One important characteristic of CSCs is their ability to migrate and consequently cause metastasis; therefore compounds capable of inhibiting this CSCs characteristic would be valuable. 32 The effect of a 24 h WFA treatment on the migration of MM-CSCs was determined using the scratch, aka wound healing assay. 19 0.62 and 1.25 μM WFA did not appear to inhibit MM-CSCs migration. However, at 2.5 μM, MM-CSCs migration was halted (Fig. 4) , and at 5 and 10 μM treatment, the cells started to die and lift off the plate (data not shown). The lack of dose-response, combined with the halt in migration at only one dose, renders it difficult to state that WFA inhibits MM-CSCs migration. Further studies are needed to characterize the nature of the observed single dose inhibition of MM-CSCs migration. However, one interesting observation was that at 1.25 μM, clear morphological changes were observed in MM-CSCs. MM-CSCs were larger and their circularity was increased. For this reason, the effects of WFA on MM-CSCs morphology and differentiation were pursued.
WFA alters MM-CSCs morphology
To provide a more visible effect of the impact of WFA on MMCSCs morphology, a phalloidin cytoskeletal staining was conducted. Phalloidin staining confirmed the effect of WFA observed in the scratch assay. A 24 h WFA treatment caused clear alterations in MM-CSCs morphology (Fig. 5) . At vehicle control, MM-CSCs appeared polygonal with clear angles reminiscent of a fibroblast-like morphology. Starting at 0.62 μM WFA treatment, MM-CSCs appeared to start enlarging in size, became more circular, and displayed an epithelial/lymphoblastic-like morphology. At 1.25 μM WFA treatment, an apparent morphological difference was observed. MM-CSCs displayed larger cytoplasmic surface area, more spherical shape and polygonallyshaped MM-CSCs were no longer observed. In addition, a quantitative evaluation indicated that MM-CSCs area and circularity significantly increased in response to 1.25 μM WFA. These morphological differences pointed out that WFA may induce the differentiation of MM-CSCs.
WFA alters the expression of genes involved in stemness and cell differentiation
Having observed alterations in MM-CSCs morphology, the effect of WFA on the expression of genes implicated in stem cell maintenance, cell fate and differentiation were measured (Fig. 6 ). The expression levels of the putative CSCs markers, MSI2 (musahi 2), CD166, CD151, SOX2, CD44 and Kit were evaluated in MM-CSCs after a 24 h treatment with WFA. These markers have been previously used to isolate CSCs and are currently believed to mimic "stemness". 11,33-39 MSI2, CD166, CD151
and SOX2 were downregulated in response to WFA treatment, whereas CD44 and Kit were upregulated. The downregulation of MSI2, CD166, CD151 and SOX2 indicated that WFA might reduce the stemness of MM-CSCs. As for CD44 and Kit, although significant upregulation was observed, it has been previously shown that CD44 and Kit play roles not only in the maintenance of stem cells but also in the regulation of their differentiation. The mRNA levels of CD44 and Kit increased strongly with the differentiation of natural killer (NK) cells. 40 Notch signaling has been demonstrated to regulate cell-fate decisions, and favours the differentiation of NK cells over B-cells from a common progenitor. [41] [42] [43] [44] The mRNA level of genes involved in the Notch pathway, [45] [46] [47] including Notch1, HES1 and RUNX1 (data not shown) were significantly upregulated in response to WFA. As these genes are Notch targets, the results indicated that Notch signaling pathway might be activated in response to WFA treatment. Taken together, the downregulation of CSC markers, the upregulation of specific NK cell differentiation markers and that of Notch targets in response to WFA treatment, indicated that WFA might promote the differentiation of MM-CSCs towards a lymphoid lineage. Overall, these results suggest that WFA may be promoting the differentiation of MM-CSCs towards a NK cell lineage as the observed gene expression alterations are reminiscent of NK cell differentiation. Although terminal differentiation of a NK cell lineage from MM-CSCs is not yet observed, further studies are required to elucidate the stage of differentiation WFA is capable of inducing in MM-CSCs. In addition, stemness reduction has been argued to be one important strategy to combat the tumorigenic aspect of CSCs. 48 Thus, the reduction of CSCs stemness markers observed in MMCSCs in response to WFA may suggest that WFA is capable of reducing self-renewal of MM-CSCs.
Conclusions
The induction of CSCs differentiation has been proposed as a therapy for the management of cancer. Differentiation therapy has proven highly plausible and beneficial with the use of all-trans retinoic acid to treat promyelocytic leukemia. Thus, the proof of concept exists, and the current thought is to apply it to CSCs. CSCs have been demonstrated to exhibit high self-renewal capabilities. Therefore, diminishing these capabilities would theoretically render CSCs less malignant. In this study, WFA was demonstrated to induce cell death in MM-CSCs, and at relatively low WFA doses was capable of inducing MM-CSCs differentiation as demonstrated by the clear morphological changes and alterations in gene expression levels reminiscent of hematopoietic stem cell differentiation. The ability of WFA to induce both MM-CSCs death and differentiation, two major processes in the progression of cancer, renders it a molecule valuable for further investigation in relevant MM in vivo models.
